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ndothelial Ca 2+ -activated potassium channels (K Ca ), including small conductance (SK3 or K Ca 2.3) and intermediate conductance (IK1 or K Ca 3.1) isoforms, are important effectors of vasodilation in the arterial circulation. These channels elicit endothelium-derived hyperpolarization (EDH) of vascular smooth muscle, and their pharmacological inhibition completely blocks nitric oxide (NO)-independent and prostacyclin-independent vasodilation in various arterial beds. [1] [2] [3] [4] [5] [6] Studies of IK1-deficient mice (IK1 −/− ) have revealed a pivotal role of this channel in hyperpolarizing the endothelial membrane, dilating resistance arteries, and modulating blood pressure. 7 A combined transgenic mouse model (IK1 −/− /SK3 T/T ), which includes conditional doxycycline (Dox)-controlled SK3 channel expression 5, 8 in addition to the conventional IK1 knockout genotype, has allowed for detailed elucidation of the combined and complementary roles of these channels. 9 This genetic model has demonstrated the pivotal role of IK1 channels in agonist-induced (eg, acetylcholine [ACh] ) dilations of conduit arteries and arterioles and has exposed the supporting role of SK3 channels, both in facilitating NO-dependent dilations and in compensating for the loss of IK1 channels. Genetic co-suppression of both channels blunts maximal ACh dilations by ≈60%. 9 Recent findings have implicated IK1 channels as direct targets of dynamic repetitive and short-lived (250 ms to 3 seconds) Ca 2+ events that occur primarily along myoendothelial junctions, 10 establishing a persistent mechanism for hyperpolarizing vascular smooth muscle and modulating arterial tone. In addition to this basal activation, endothelial stimulation with agonist (eg, ACh) increases total dynamic events by increasing the number of Ca 2+ liberating sites (often multiple sites per cell) along the intima and increasing the frequency of existing active sites. 10 Although the primary Ca 2+ events (Ca 2+ pulsars) emit from IP 3 R on the endoplasmic reticulum, plasma membrane transient receptor potential (TRP) channels, [11] [12] [13] including TRPA1 in rat cerebral arteries [14] [15] [16] and TRP vanilloid 4 (TRPV4) in mouse mesenteric arteries, 17 T/T +Dox arteries. These drug effects were not additive. Conclusions-IK1, and to some extent SK3, channels exert a substantial positive feedback influence on endothelial Ca and vasodilation. These TRP channels have been found to associate closely with K Ca channels, 18 and their direct stimulation promotes K Ca -dependent EDH-mediated vasodilation in mice. 19 In mouse mesenteric arteries, ACh has been found to evoke spatially restricted Ca 2+ sparklets through TRPV4 channels, and these signals augment IK1 channel activation. 17 Because Ca 2+ -induced K + efflux through IK1 channels and the resulting hyperpolarization might increase the electrochemical driving force for Ca 2+ entry, a central question addressed in the current study is whether IK1 channels control endothelial Ca 2+ dynamics as a potential positive feedback mechanism.
Quantifying endothelial Ca 2+ dynamics is essential for understanding effector recruitment and graded vasodilation.
We recently developed and implemented an autodetection and analysis algorithm that allows for comprehensive evaluation of dynamic Ca 2+ transients and complex Ca 2+ signal distributions in intact tissues, including endothelium. 16, 20 Here, we used IK1 −/− mice and our automated Ca 2+ signal analysis to discern whether IK1 channels, alone or in combination with SK3 channels, enhance endothelial Ca 2+ dynamics in mesenteric arteries.
Materials and Methods
Materials and Methods are available in the online-only Supplement. 
Results

IK1
ACh-Induced Endothelial Calcium Dynamics Are Reduced in Arteries of IK1-Deficient Mice
ACh increases Ca 2+ dynamics in mesenteric artery endothelial cells by sensitizing release from internal Ca 2+ stores through IP 3 receptors and by stimulating influx of extracellular Ca 2+ through membrane nonselective cation channels, both of which are known to target K Ca channels. 10, 17 We examined whether a positive influence of K Ca channels on Ca 2+ dynamics is unmasked under these stimulated conditions. Figure 3A .05 for all compared with WT), suggesting that loss of IK1 reduces both the number of active sites and the number of events occurring at each site. ACh responses may be divided into 2 phases: an initial phase primarily attributable to internal store release and a sustained phase that is highly dependent on extracellular Ca 2+ entry. 21 Partitioning our 3-minute ACh responses into initial (first 30 seconds) and sustained (30-180 seconds) phases (Figure 4B ), indicating that the K Ca channels primarily enhance Ca 2+ influx. TRPV4 channels are major conduits of Ca 2+ entry in the mesenteric artery endothelium. 22 They carry discrete AChstimulated Ca 2+ transients at the plasma membrane that are known to elicit K Ca channel activation. 17 We assessed whether the IK1 augmentation of endothelial Ca 2+ dynamics in normal arteries occurs through potentiation of TRPV4 channel Ca 2+ entry. Here, we used WT arteries where native feedback signaling is preserved. The TRPV4 channel blocker HC-067047 (1 μmol/L) had no significant effect on basal dynamics (data not shown), but it greatly impaired ACh activation of Ca 
Discussion
Small/intermediate conductance K Ca channels have been identified as primary targets of basal and ACh-stimulated Ca 2+ dynamics in arterial endothelium. 10, 17, 23 Previous work has shown that genetic ablation of IK1 and SK3 channels impairs vascular hyperpolarization and ACh-induced vasodilation and promotes hypertension. 5, 7, 9 Here, we used IK1-deficient mice, including those with suppressed or overexpressed SK3, to assess whether these channels exert a positive feedback influence on the endothelial Ca 2+ dynamics themselves. Our data indicate that although IK1 channels do not significantly influence ongoing basal Ca 2+ dynamics in mesenteric artery endothelium, they do strongly potentiate the occurrence of Ca 2+ dynamics after endothelial stimulation with ACh. Increasing or decreasing SK3 expression had little additional effect on the occurrence of events but did promote increased event amplitudes and durations. We found that K Ca -promoted Ca 2+ dynamics were completely dependent on extracellular Ca 2+ entry through TRPV4 channels. Together, these findings suggest that IK1 channels may play an important role in amplifying vasodilation by expanding TRPV4-triggered dynamic Ca 2+ signals along the intima, whereas SK3 channels may play a supporting role in adjusting event size.
Recent studies have revealed the importance of spatially and temporally distinct Ca 2+ transients, rather than global Ca 2+ changes, in tuning the specificity and magnitude of endothelial responses in intact arteries. 10, [16] [17] [18] 24 These inherent Ca 2+ dynamics are clearly discernible in the endothelia of both pressurized and opened mesenteric arteries. 20 Confocal imaging in pressurized arteries is limited to few endothelial cells because of narrow viewable fields and movement artifact. Using open artery preparations in the current study allowed us to quantify event parameters comprehensively in broad intact endothelial fields using our custom software (LC_Pro). Designed to detect all Ca 2+ deflections above noise without user bias, this approach reveals a heterogeneous assortment of intrinsic events occurring along the vascular intima. In mesenteric arteries, basal endothelial Ca 2+ dynamics emit intermittently from internal stores through IP 3 Rs. 10 These signals elicit hyperpolarization by engaging nearby IK1 channel clusters in the endothelial membrane, particularly at myoendothelial junction sites. 10 At these sites, EDH is communicated to smooth muscle through gap junctions 4, [25] [26] [27] 
Potentiation of Endothelial Ca
2+ Dynamics by K Ca 3.1 Channels 133 which increases the occurrence of focal Ca 2+ sparklet events along the plasma membrane. 17 These transients are known to activate IK1 channels directly and to provoke large increases in endothelial Ca 2+ dynamics. The latter effect likely involves Ca 2+ -induced Ca 2+ release from IP 3 -sensitized stores. In fact, isolated TRPV4 sparklets are only discernible when internal stores are depleted. 17 Overall, the agonist-augmented Ca 2+ dynamics support further vasodilation through expanded K Camediated hyperpolarization, as well as endothelial NO synthase-dependent NO production. 30 The pivotal functional role of IK1 channels has been welldemonstrated in pharmacological studies and is clearly evident in IK1-deficient mice that exhibit blunted ACh-induced hyperpolarization and dilation (in both conduit and resistance arteries), as well as hypertension. 7, 9 SK3 suppression further exacerbates these dilator and blood pressure changes, whereas SK3 overexpression partially recovers them. 9 It should be noted that endothelial Ca 2+ dynamics persistently recruit IK1 and SK3 channels in the vasculature, 10 ), including a general loss of EDH. 32 However, intact ACh-induced dilation has been observed in carotid arteries of TRPV4 −/− mice, suggesting regional differences among beds. 19 Notably, in the current study, specific pharmacological blockade of IK1/SK3 channels in WT arteries mimicked the effect of genetic IK1/SK3 knockdown on ACh-stimulated Ca 2+ dynamics. Moreover, IK1/SK3 inhibition was not additive with TRPV4 inhibition, suggesting that this effect of K Ca activation requires TRPV4-mediated Ca 2+ entry. Importantly, we have also found that the TRPV4 and IK1/SK3 effects on Ca 2+ dynamics are preserved at 37°C ( Figure I in the onlineonly Data Supplement), supporting their contribution under physiological conditions. -dependent hyperpolarization but also by expanding the spatial and temporal range of the Ca 2+ signals along the intima. Previous evaluation suggests that although SK3 channels are not as essential as IK1 channels for ACh vasodilation, their suppression augments the effects of IK1 knockout on ACh dilations, and overexpression of SK3 partially rescues these dilations. 9 Overall, IK1 knockout reduces ACh dilation of pressurized arteries to ≈65% of control, which is further reduced to ≈45% by SK3 suppression and recovered to ≈80% with SK3 overexpression. 9 Distinct distributions of IK1 and SK3 channels within endothelial cell plasma membranes support their differential targeting. 34 In the current study, we assessed whether SK3 channels might supplement IK1 effects on endothelial Ca 2+ dynamics. SK3 suppression had little additional effect on the occurrence of endothelial Ca 2+ events. Moreover, SK3 overexpression failed to recover normal Ca 2+ dynamics in IK1-deficient mice, indicating that SK3 channels cannot functionally replace IK1 channels. However, with respect to event parameters, SK3 overexpression tended to augment basal Ca 2+ durations and effectively recovered decreased event amplitudes associated with IK1 deficiency under both basal and stimulated conditions. This suggests that SK3 channels may play a role in positive feedback Ca 2+ regulation by shaping the size and time course of individual events, even under basal conditions. Protraction of Ca 2+ events may be particularly important in tuning stimulation of cellular effectors, such as endothelial NO synthase, 30, [35] [36] [37] because increased SK3 expression was previously found to enhance NO-mediated dilation of cremaster arterioles. 9 Further study is warranted to elucidate the functional implications of differential IK1 and SK3 tuning of endothelial Ca 2+ dynamics with graded stimuli, including other receptor agonists and shear stress. Our current findings reveal a new mechanistic role of K Ca channels in expanding the very Ca 2+ signals they detect. IK1 channels are particularly pivotal in tuning real-time endothelial Ca 2+ signaling and physiological vasodilator responses. A limitation of the current study is that our comprehensive assessment of Ca 2+ dynamics along the vascular intima cannot be obtained simultaneously with diameter measurements within individual pressurized arteries. However, the broad discriminating evaluation afforded by our algorithm exposes distinct profiles of physiological signaling not previously recognized. Overall, our data fit well with an emerging model of endothelial vasoregulation on the basis of close associations of TRP and K Ca channels, and suggest that relative expression, spatial proximity, and differential trafficking of TRPV4 and IK1 might underlie variable levels of positive Ca 2+ feedback, and hence EDH, in different vascular beds. Moreover, this feedback provides a mechanism through which K Ca channels might predictably influence other Ca 2+ -dependent endothelial effectors, such as endothelial NO synthase and CaM kinases. Future studies will focus on how altered tuning of Ca 2+ feedback by K Ca channels contributes to endothelial dysfunction in disease and whether pharmacological manipulation of this mechanism by specific channel activators 38 improves endothelial function.
